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Abstract 
Fatigue strength of newly developed TRIP-aided annealed martensitic steels (TAM steels) with chemical composition of 0.4%C, 
1.5%Si, 1.5%Mn, 0-1.0%Cr, 0-0.2%Mo, 0.05%Nb, 0-18ppmB was examined for application of automotive diesel engine 
common rail. The TAM steels achieved higher fatigue limits than the conventional structural steels. Also, the TAM steels 
exhibited extremely high notch fatigue limits and low notch-sensitivity, especially in steels with B or without Cr and Mo. This
was associated with TRIP effect of a large amount of metastable retained austenite which suppressed the crack initiation and 
growth due to plastic relaxation and formation of hard martensite resulting from the strain-induced transformation. 
Keywords: TRIP-aided steel; transformation-induced plasticity; fatigue; notch-sensitivity; hardenability; microstructure; retained austenite;
annealed martensite 
1. Introduction 
A newly developed C-Si-Mn high-strength TRIP-aided sheet steel with annealed martensite matrix (TAM steel) 
are very useful to achieve the drastic weight reduction and good crash safety of vehicles because the TRIP-aided 
steel possesses an excellent stretch-flangeability due to TRIP effect of stable retained austenite of 5-15vol% [1-3], as 
well as high impact performance [4]. According to Sugimoto et al., the TAM steel also exhibits high fatigue 
hardening [5] and high fatigue limit [4,6]. So, the steel is expected to be applied to automotive forging parts which 
need high notched fatigue strength. However, because the conventional TAM steel has a low hardenability, a new 
type of TAM steel with high hardenability is required for application of forging parts.  
In the present study, some TAM steels with chemical composition of 0.4%C-1.5%Si-1.5%Mn-0-1.0%Cr-0-
0.2%Mo-0.05%Nb-0-18ppmB (mass%) were newly developed to apply to the structural forging parts. Fatigue limit 
of the steels were examined to find the optimum chemical composition for hardenability and notched fatigue limit. 
Also, the results were compared with that of the other type of TRIP-aided steel with bainitic ferrite matrix (TBF 
steel) and the conventional structural steel SCM435. In addition, the notch fatigue limit and notch sensitivity of the 
steels were related to the microstructure and retained austenite characteristics. 
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2. Experimental procedure 
In the present work, five kinds of steel sheets (steels A through R) with different Cr, Mo and B contents were 
prepared by vacuum melting, followed by hot forging and hot rolling (Table 1). Chemical composition of base steel 
is 0.4%C, 1.5%Si, 1.5%Mn, 0.5%Al and 0.05%Nb. After machining the smooth and notched fatigue specimens 
(Fig. 1), heat treatment shown in Fig. 2 was conducted in salt baths. For comparison, the commercial martensitic 
steel (SCM435) without retained austenite was also produced by quenching and tempering at 600oC for 3600s.  
Volume fraction of retained austenite was quantified from integrated intensity of (200)Į, (211)Į, (200)Ȗ, (220)Ȗ
and (311)Ȗ peaks of Mo-KĮ radiation. The carbon concentration was estimated by substituting the lattice constant of 
retained austenite measured from (200)Ȗ, (220)Ȗ and (311)Ȗ peaks of Cu-KĮ radiation into the Dyson and Holms 
equation [7], in the same way as Refs. 1-4.  
After fatigue specimens were ground by #600 Emery paper, fatigue tests were carried out on a multi-type fatigue 
testing machine (Takes-Group Ltd., PMF4-10) at 25oC with a sinusoidal wave of 80Hz at a stress ratio of R=0.1 
(Figure 3). Fatigue limit was defined by maximum stress amplitude (VR) without failure up to 107 cycles. Tension 
tests were conducted at 25oC and at a strain rate of 1x10-4/s using smooth specimen (5mm diameter and 25mm 
gauge length) and notched specimen (a stress concentration factor of Kt=1.7 and nominal diameter of 5mm). 
Table 1. Chemical composition of steels used (mass%). 
steel C Si Mn P S Cr Mo Al Nb Ti B N 
A 0.40 1.49 1.49 <0.005 0.0021 <0.01 <0.01 0.49 0.048 - - 0.0009 
D 0.43 1.50 1.52 <0.005 0.0023 0.51 <0.01 0.49 0.052 - - 0.0009 
E 0.42 1.47 1.51 <0.005 0.0019 0.50 0.20 0.48 0.052 - - 0.0010 
F 0.41 1.49 1.50 <0.005 0.0020 <0.01 <0.01 0.48 0.050 0.020 0.0008 0.0027 
R 0.41 1.50 1.51 <0.005 0.0020 <0.01 <0.01 0.040 0.050 0.020 0.0018 0.0035 
SCM435 0.34 0.19 0.70 0.016 0.009 0.95 0.18 0.033 - - - 0.0029 






3. Results
3.1. Microstructure and tensile properties 
   Fig. 4 shows typical optical micrographs etched by LePera etchant and TEM images of TAM steel. 
Microstructure of steels A through R consists of annealed martensite matrix and interlath retained austenite. In the 
steels D and E with high hardenability, the uniformity of retained austenite is lower than that of base steel (steel A) 
and B bearing steels (steels F and R), as shown in Fig. 4(b). As listed in Table 2, volume fraction and carbon 
concentration of retained austenite of the steels A through R are between 21.0 and 28.4vol% and between 0.91 and 
1.25mass%, respectively. The carbon concentrations are reduced if Cr and/or Mo are added. It is noteworthy that B 
hardly decreases the carbon concentration like steels F and R, although B considerably increases hardenability, as 
the same way as Cr and Mo.
Table 2 lists tensile properties of steels A through R. Yield stress and tensile strength of the steels are between 
669 and 738MPa and between 912 and 1197MPa, respectively. Note that theses steels exhibit lower yield ratio and 
Fig. 1. Dimensions of (a) smooth and 
(b) notched specimens for fatigue test. 
Fig. 2. Heat treatment diagram for producing  
TAM steel. OQ represents quenching in oil. 
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Fig. 3. Sinusoidal curve of fatigue test. 
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larger total elongations than SCM 435 steel. The latter is caused by TRIP effect of the retained austenite. 
JRJR
Dam
10ȝm10ȝm 0.2ȝm
(b) (c)
DamJR
(a)
Fig. 4. Typical optical micrographs and TEM images of steels (a) F and (b,c) D . In (a) and (b), white and gray regions represent retained 
austenite (JR)or martensite  and annealed martensite (Dam), respectively. Arrows in (b) represent coarse second phase. 
3.2. Fatigue strength 
Fig. 5 shows fatigue properties of TAM steels (steels A through R). The fatigue limits of smooth and notched 
specimens are between 681 and 785MPa and between 515 and 602MPa, respectively. These limits linearly increase 
with Vickers hardness and yield strength.  Notch fatigue limits of B bearing steels (steels F and R) tend to have 
higher notched fatigue limits. As shown in Fig. 5(b), fatigue limits of smooth specimen nearly equal to the yield 
stresses or are higher than ones in the TAM steels, different from the conventional structural steel SCM435. Of 
course, maximum stress on fatigue test is so much higher than the yield strength. 
If the notch sensitivity of fatigue limit can be evaluated by “notch-sensitivity factor q” defined by the following 
equation, the q values are between 0.34 and 0.54 in TAM steels and tend to increase with increasing yield strength 
(Fig. 5(c)),  
q = (Kf - 1)/(Kt - 1)                                                                                                                      (1)  
where Kf and Kt are fatigue-notch factor (=FL/FLN) and stress concentration factor, respectively.  
When fatigue properties of the TAM steels were compared with those of TBF steels with the same chemical 
composition, the TAM steels are characterized by higher notch fatigue limits and lower notch-sensitivity factors 
than TBF steels, as shown in Fig. 5(c). Also, the notch fatigue limits are superior to that of SCM 435 steel. 
Table 2. Retained austenite characteristics, tensile properties, fatigue limits and Vicker hardness of steels used. 
Steel fJ0 CJ0 YS TS YS/TS TSN TEl RA FL FLN Kf q HV 
(vol%) (mass%) (MPa) (MPa) (MPa) (%) (%) (MPa) (MPa) 
A 21.0 1.25 687 912 0.75 1361 59.3 65.6 681 551 1.24 0.34 292
D 26.2 0.91 669 1075 0.62 1616 43.1 50.7 755 596 1.27 0.38 303
E 28.4 1.13 727 1197 0.61 1733 42.0 42.9 711 515 1.38 0.54 346
F 23.1 1.06 707 958 0.74 1420 57.2 64.6 742 562 1.32 0.50 296
R 21.4 1.22 738 992 0.74 1453 45.4 56.2 785 602 1.30 0.43 292
SCM435 - - 902 961 0.94 1458 16.1 63.4 753 538 1.40 0.57 300
fJ0: initial volume fraction of retained austenite, CJ0: initial carbon concentration of retained austenite, YS: yield stress or 0.2% offset proof 
stress, TS: tensile strength, TSN: notched tensile strength, TEl: total elongation, RA: reduction of area, FL: fatigue limit, FLN: notch fatigue 
limit, Kf: fatigue-notch factor (FL/FLN), q: notch-sensitivity factor, HV: Vickers hardness number. 
4. Discussion 
The present TAM steels achieved higher notch fatigue limit and lower notch-sensitivity than TBF and SCM435 
steels, especially in B bearing steels (steels F and R). According to Sugimoto et al. [4-6], fatigue property of TRIP-
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aided steel is controlled by (i) retained austenite characteristics (volume fraction, carbon concentration, 
morphology etc.), (ii) matrix structure and (iii) a long range internal stress arising from a difference in flow stress 
between matrix and second phase. The internal stress of TAM steel, however, is relatively small, compared with the 
conventional TRIP-aided steel with polygonal ferrite matrix [5]. The B bearing steels possessed relatively uniform 
fine interlath retained austenite, different from Cr and/or Mo bearing steels (steels D and E). In addition, theses B 
bearing steels have more uniform fine structure (Fig. 4(a)) and higher carbon concentration of retained austenite 
(Table 2), enhancing the mechanical stability of retained austenite. So, such a increased mechanical stability of 
retained austenite effectively suppresses crack and/or propagation initiation, as well as uniform matrix structure and 
retained austenite, especially for notched specimens [4,6] .  
It is noteworthy that fatigue limits of the present TAM steels were higher than the yield stresses. This is very 
different from results reported in the conventional structural steel. In general, TAM steel exhibits a significant cyclic 
hardening, despite high-strength steel [5]. So, the large ability of cyclic hardening may contribute to such high 
fatigue limits of smooth specimen. Also, this may bring on low notch-sensitivity. 
Fig. 5. Variations in (a) fatigue limits (FL, FLN) of smooth (solid marks) and notched specimens (open marks) as a function of HV and (b) fatigue limits and (c) 
notch-sensitivity factor (q) as a function of yield stress (YS) in TAM and TBF steels.  
5. Summary 
(1) The TAM steels possessed extreme high notch fatigue limit, especially in B bearing steels without Cr and Mo. 
The notch-sensitivity was reduced than those of TBF and SCM435 steels. 
(2) This was associated with a large amount of metastable retained austenite which suppressed the crack initiation 
and growth due to (i) plastic relaxation and (ii) formation of hard martensite on the strain-induced 
transformation. 
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